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FOREWORD 


This  research  program  was  conducted  by  the  Department  of  Aeronautical 
Engineering  of  the  University  of  Minnesota,  under  Professor  John  D,  Akerman, 
Head  of  the  Department  of  Aeronautical  Engineering,  and  Mr.  Franklin  J.  Ross, 
Administrative  Scientist  at  the  Rosemount  Aeronautical  Laboratories. 

Technical  direction  of  the  program  was  under  Mr.  Richard  V,  DeLeo,  Project 
Scientist.  The  investigation  was  conducted  under  United  States  Air  Force 
Contract  Number  AF  33(038)  5131*  Project  I366-I362O,  "Investigation  of  the 
Use  of  Hot  Gas  Ejectors  for  Boundary  Layer  Control"  (fonnerly  R.  D.  0.  No. 
458-433®)*  This  project  was  administered  under  the  direction  of  the 
Aircraft  Laboratory,  Directorate  of  Laboratories,  Wright  Air  Development 
Center  with  Mr.  Robert  C.  Lopiccolo  acting  as  Project  Engineer. 

Included  among  those  who  participated  in  the  study  were  Messrs. 

Richard  D.  Wood,  Seth  E,  Rislove,  Ernest  D.  Kennedy,  Patricia  Marek,  Raymond 
Poach  and  Ole  Flack  of  the  Rosemount  Aeronautical  Laboratories.  Consultation 
was  contributed  by  Mr.  R.  E.  Kosin,  of  the  WADC  Aircraft  Laboratory  and  by 
Professor  John  D.  Akennan  and  Dr.  Rudolf  Hennann  of  the  Rosemount  Laboratories. 
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ABSTRACT 


The  primary  purpose  cf  Phase  II  of  the  ejector  study  has  been  to 
provide  experimental  data  for  engineering  design  purposes.  The  geometric 
and  state  parameters  of  -the  ejector  were  investigated  over  a wide  range, 
both  with  and  without  diffuser.  Variation  in  the  ejectcr  performance  was 
determined  for  a change  in  primary  temperature,  and  the  effect  of  the  use 
of  a supersonic  primary  nozzle  was  also  investigated,  Conparisons  of 
theoretical  and  experimental  pumping  performance  without  diffuser  are 
presented. 


PUBLICATION  REVIEW 


This  report  has  been  reviewed  and  is  approved. 
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Part  IJ 


SUMMARY 


The  primary  purpose  of  Part  II  ef  the  Hot  Gas  Ejector  Investigation 
has  been  to  obtain  sufficient  experimental  data  to  allow  the  solution  of 
practical  design  problems.  The  following  general  conclusions  m^  be  drawn 
from  the  data  presented  in  Section  III  of  this  reports 

A,  Ejector  Pumping  Performance 

1.  For  ejectors  with  and  without  diffuser  a definite  optimum  ejector 

geometry,  A^/A^,  exists  for  any  given  set  of  primary  and  secondary 
state  conditions  to  obtain  a maximum  mass  flow  ratio  (secondary  to 
primary).  Conversely,  for  a given  there  exits  an  optimum 

primary  pressure  ratio  in  order  to  obtain  maximum  ejector  perfor- 
mance, 

2.  For  ejectors  with  and  without  diffuser  the  variation  of  ejector 
mass  flow  with  secondary  punping  ratio  for  a given  ejector  geometry 
is  essentially  linear  for  operation  at  primary  pressures  equal  to 
or  less  than  the  optimum.  At  values  in  excess  of  the  optimum  the 
variation  is  slightly  non-linear  with  increasing  slope  at  higher 
secondary  pumping  ratios, 

3.  The  addition  of  a diffuser  at  the  mixing  tube  exit  will  iitprove 
ejector  performance  at  values  of  primary  pressure  ratios  below  the 
optimum.  At  primary  pressure  in  excess  of  the  optimum,  the  per- 
formance of  ejectors  with  and  without  diffuser  tend  to  converge, 

U,  For  a given  ejector  geometry  with  constant  secondary  and  primary 
stagnation  pressures  the  secondary  weight  flow  is  nearly  propor- 
tional to  the  primary  momentum.  Thus,  as  the  primary  temperature 
is  increased  (at  constant  momentum)  the  weight  flow  ratio,  , 

increases  approBcimately  as  (T^/T2X'^,  In  gaieral,  this  spproxi- 
mation  will  over-estimate  the  effect  of  temperature. 
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• On  the  basis  of  the  one  ejector  geometry  investigated,  the  use  of 
a supersonic  primary  nozzle  gave  performance  which  was  equal  to  or 
less  than  the  performance  of  a sonic  nozzle.  However,  for  these 
experiments  the  supersonic  nozzle  was  not  designed  to  give  a 
Tiniform  parallel  exit  jet, 

6,  Ejector  pumping  performance  may  reasonably  be  predicted  at  large 
area  ratios  A^/A^  > U.O,  by  the  analytical  method  presented, 

B,  Ejector  Thrust  Performance  (configurations  without  diffuser) 

1,  Ejector  thrust  is  approximately  linearly  dependent  on  the  mass  flow 
ratio  or  secondary  pressure  ratio  for  a given  geometry  and  primary 
operating  conditions, 

2,  The  slope  of  the  thrust-secondary  pressure  ratio  curve  is  dependent 
upon  ejector  geometry,  A^/A^,  and  essentially  independent  of 
primary  operating  conditions,  temperature  and  pressure, 

3,  On  the  basis  of  the  one  ejector  geometry  investigated,  the  use  of 
a supersonic  primary  nozzle  operating  at  design  Mach  number,  gave 
a substantial  increase  in  ejector  thrust  at  a constant  secondary 
pressure  ratio  as  compared  to  the  sonic  nozzle.  For  operating  con- 
ditions with  inccanplete  supersonic  expansion  to  the  nozzle  exit, 
the  thrust  was  equal  to  or  less  than  the  sonic  value. 

The  ejector  pumping  and  thrust  performance  data  obtained  should  be 
sufficient  to  solve  most  boundary  layer  design  problems  utilizing  a turbo- 
jet engine  for  primary  ejector  power.  The  principle  unknown  factor  in  such 
applications  is  the  importance  of  scale  effect.  Apparently  little 
experimental  work  has  been  done  on  the  subject.  It  is  recommended  that  an 
experimental  study  of  scale  effect  be  initiated  including  operation  with  a 
full-scale  trirbo-jet  engine. 


WADC  TR  52-128,  Part  II 


2 


I.  INTRCDUCTION 


During  the  recent  years  the  use  of  boundary  layer  control  on  aero- 
dynamic surfaces  for  the  reduction  of  air  flow  separation  has  become 
increasingly  iu^jortant.  The  control  of  the  bcundary  layer  may  be 
accon5)lished  by  surface  air  removal  in  which  case  the  growth  of  boundary 
layer  is  regulated.  The  addition  of  energy  to  the  boundary  layer  by  means 
of  a blowing  slot  or  jet  is  also  a practical  control  device.  In  eitheb  case 
the  resulting  aerodynamic  increase  in  lift  or  a decrease  in  drag  is  of  prime 
inportance.  Of  course,  the  ultimate  econony  of  any  boundary  layer  control 
system  depends  on  the  gain  in  aerodynamic  performance  as  opposed  to  the 
added  weight,  power  and  con?)lexity  of  the  control  system.  A possible 
source  of  power  for  control  is  the  inductive  capacity  of  an  ejector  con- 
figuration using  either  exhaust  gas  or  coirpressor  air  from  a turbo-jet 
engine. 

Results  from  Part  I cf  this  investigation,  reference  2,  indicated 
that  adequate  capacity  for  boundary  layer  control  could  be  obtained  with 
certain  ejector  configurations.  For  constant  primary  operating  conditions, 
ejector  performance  was  relatively  insensitive  to  the  geometric  parameters 
of  primary  nozzle  location  and  mixing  section  length.  The  results  show 
that  any  ejector  punping  action  is  usually  accoitpanied  by  a decrease  in 
thrust.  It  was  also  evident  that  an  optimum  geometry  exists  for  each 
combination  of  flow  conditiais. 

The  present  investigation  is  an  extension  of  the  work  previously 
done.  The  geometric  and  state  parameters  of  the  ejector  were  investigated 
over  a wide  range,  both  with  and  without  diffuser.  Variation  in  ejector 
performance  was  determined  for  a change  in  primary  tenperature.  The  use 
of  a supersonic  primary  nozzle  was  also  investigated.  Comparisons  of 
theoretical  and  experimental  ejector  punping  and  thrust  performance  with- 
out diffuser  are  presented. 
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II,  DESCRIPTION  OF  APPAHATUS 


Phcftographs  cf  the  apparatus  and  its  components,  and  a schematic  drawing 
of  111 e test  installation  are  presented  as  Figures  1 through  3« 

In  order  to  obtain  a high  temperature  primary  jet  a TG-180  combustion 
chamber  was  used  to  which  was  attached  a convergent  exit  nozzle  of  circular 
cross  section.  Equipped  with  the  conventional  spray  fuel  nozzle  and  spark 
ignition,  the  chamber  was  mounted  upon  a free-moving  thrust  table  (Figure  l), 

A large  plenum  chamber  made  up  of  a section  of  20-inch  diameter  steel 
pipe  was  mounted  around  the  exhaust  nozzle  and  contoustion  chamber,  and  was 
sealed  around  the  burner  on  one  end.  Besides  acting  as  a plenum  for  the 
induced  secondary  air,  it  served  as  a mount  for  the  entrance  cone  and  mixing 
tube  of  the  ejector.  The  entrance  cone  of  the  ejector  was  sealed  to  the 
plenum  chamber  by  means  of  a rubber  ’’O"  ring  with  the  cone  being  adjustable 
horizontally  to  allow  for  variations  in  primary  nozzle  location.  The  ejector 
entrance  cone  and  mixing  tube  were  also  fastened  to  the  thrust  table.  The 
table  was  restrained  in  the  thrust  direction  by  a small  cantilever  beam 
mounted  with  a pair  of  strain  gages.  Strain  in  the  beam  caused  a change  in 
electrical  resistance  of  the  gages  with  a consequent  imbalance  in  a wheat- 
stone  bridge  circuit.  The  imbalance  was  indicated  by  deflection  of  a 
sensitive  galvanometer.  This  deflection  was  statically  calibrated  in  terms 
of  pounds  of  thrust. 

The  diffuser  secticxis  of  the  ejector  were  of  the  conical  type  with  a 
7-degree  wall  divergence.  They  were  constructed  from  10-gauge  sheet  steel 
and  were  fastened  to  the  mixing  tiibe  by  means  of  flanges, 

Primaiy  air  was  obtained  from  several  air  compressors  capable  of  pro)- 
ducing  110  pounds  per  square  inch  gage  pressure,  while  delivering  a mass  of 
air  of  approximately  it, 5 pounds  per  second  per  compressor.  Induced  air  was 
taken  from  the  atmosphere  through  two  secondary  inlet  pipes.  The  mass  flows 
of  primary  and  secondary  air  were  measured  by  orifice  plates  and  controlled 
by  separate  valves. 
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Spark  ignition  was  obtained  frcan  a 12,000  volt  transformer  with 
kerosene  being  used  as  fuel.  A temperature  cut-off  and  Jfercury  pressure 
switch  were  used  in  the  fuel-line  as  safety  devices. 

Temperature  measurements  were  made  by  means  of  thermocouples  connected 
to  a 2li-channel  Brown  0°  to  2000°  Fahrenheit  potentiometer.  Pressures  were 
read  by  Bourdon  gages,  Merriam  differential  manometers  and  standard  B-tubes. 

III.  EXPERIMENTAL  RESULTS 

The  test  results  may  lexically  be  divided  into  five  separate  sections, 
each  of  which  is  discussed  below.  In  earh  section,  data  was  obtained  for 
several  ejector  configurations  over  a range  of  state  and  flow  conditions. 
Nomenclature,  and  the  ^proximate  location  of  the  points  of  measurement 
are  shown  in  Figure  U*  In  the  majority  of  the  tests,  data  was  obtained  for 
five  conditions  of  secondary  mass  flow  and  stagnation  pressure. 

Thrust  and  mass  flow  measurements  were  made  at  primary  pressure  ratios 
ranging  fron  Pt/P„  * 1.25  to  5.00  without  the  ejector  system  to  check  pri- 
mary  nozzle  operation.  The  results  were  corrected  to  a standard  condition 
of  primary  stagnation  tenperature,  T^  » 1200°F,  and  a barometric  pressure  of 
P “ 29.92”  Hg,  Experimental  results  were  compared  with  theoretical  values 
calculated  for  the  standard  conditions  in  Figures  5 and  6.  Good  agreement 
between  the  actual  and  theoretical  values  was  obtained.  The  mass  flow  was 
plotted  in  terms  of  (W^/A^)  where  A^  ■ 11.7  square  inches. 

A.  Ejector  Without  Diffuser 

A series  of  tests  were  made  without  diffuser  at  the  exit  of  the  mixing 
tube.  Since  the  previous  investigation,  (reference  2),  indicated  that  a 
variation  of  primary  nozzle  location  had  little  effect  upon  ejector  per- 
formance this  parameter  was  held  constant  with  the  exit  of  the  primary 
jet  in  the  same  plane  as  the  entrance  to  the  mixing  tube  (/f  » O),  Based 
on  the  results  of  reference  2,  the  mixing  tube  length  was  also  maintained 
at  7.5  diameters  for  this  investigation. 
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1.  Ejector  Pumping  Performance 

Ejector  pumping  performance  without  diffuser  was  determined  over  a range 
of  mixing  tube  to  primary  nozzle  area  ratios  from  ~ 1.21  to  6.00  at 

primary  pressure  ratios  within  the  range  of  “ 1*25  to  5.72.  The  primary 

to  secondary  total  temperature  ratio  was  maintained  constant  at  T^/T^  = 3* 52 
for  most  of  the  tests  as  this  corresponds  to  jet  engine  exhaust  temperature. 
Exceptions  are  noted  specifically  on  the  individual  data  plots.  This  par- 
ticular temperature  ratio  was  used  because  it  gives  a value  of  T^  = 1200°F 
which  represents  the  maximum  turbine  discharge  temperature  of  current  turbo- 
jet engines.  Test  results  showing  the  effect  of  a change  in  primary  pressure 
ratio  on  ejector  performance  are  shown  in  the  top  graph  of  Figures  7 through 
21.  ■ The  variation  in  primary  to  secondary  mass  flow  ratio  (^2^^)  versus 
secondary  pressure  ratio  has  been  plotted  for  lines  of  constant  primary 
pressure  ratio.  In  this  series  of  tests  on  the  mixing  tube  area  was  changed. 

These  test  data  indicate  the  following  general  trends: 

a.  The  variation  of  mass  flo¥r  ratio  with  secondary  pressure  ratio  is 
essentially  linear  at  low  primary  pressure  ratios. 

b.  The  slope  of  the  mass  flow  ratio  - secondary  pressure  ratio  curves 
decrease  vriLth  increasing  primary  pressure  ratio  for  a given  area 
ratio. 

c.  The  slope  of  the  mass  flow  ratio  - secondary  pressure  ratio  curves 
decrease  with  decreasing  area  ratio  at  a given  primary  pressure  ratio. 

d.  For  a given  ejector  configuration  an  optimum  primary  pressure  ratio  ex- 
ists to  give  a maximum  weight  flow  ratio  at  a given  secondary  pressure 
ratio. 

e.  At  primaiy  pressure  ratios  in  excess  of  the  optimum,  the  variation 
of  mass  flow  ratio  with  secondary  pressure  ratio  is  non-linear. 
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It  is  e^ent  frcHti  the  data  presented  that  the  ejector  perfomance 
(as  indicated  by  the  weight  flow  ratio  at  a given  seccndary  pressure  ratio) 
at  first  increases  with  increasing  primary  pressure  ratio,  reaches  an 
optimum  value  and  then  decreases  in  all  cases.  In  the  case  of  “ 1»21 

P /P  * 2,00  gives  near  optimum  performance  over  the  whole  operating  range 
of  the  ejector.  In  the  case  of  the  higher  area  ratio,  i.e.,  A^/A^  = 2,1|8, 
the  optimum  pressure  ratio  shifts  to  lower  values  as  the  mass  flow  ratio 
is  increased. 

This  optimum  primary  pressure  ratio  may  be  easily  visualized  from  a 
cross  plot  of  secondary  pressure  ratio  versus  primary  pressure  ratio  for 
lines  of  constait  mass  flow  ratio.  This  has  been  done  for  A^/A^  ■ 1,72, 
2,U8  and  it, 30,  and  are  shown  in  Figures  23  through  25,  The  dashed  lines 
indicate  operation  with  diffuser  and  will  be  discussed  in  Section  B, 

The  optimum  value  cf  the  primary  pressure  ratio  occurs  where  the  secondaiy 
pressure  ratio  is  a minimum.  This  minimum  secondary  pressure  ratio 
increases  as  the  mass  flew  ratio  is  increased  and  is  reached  at  a Icwer 
value  of  primary  pressure  ratio. 

An  additional  cross  plot  of  the  experimaital  performance  data  is 
presaated  as  Figures  26  through  29,  In  these  cases  the  primary  jet 
operating  parameters  (tenperature  and  pressure)  are  held  constant  and 
ejector  mass  flow  ratio  is  plotted  versus  area  ratio  for  lines  of  constant 
secondary  pressure  ratio.  Data  was  obtained  for  area  ratios  A^/A^  * 1,21, 
l,Ul,  1.72,  2.10,  2.ii8,  3.39,  U.30  and  6,00,  By  use  of  the  curves  it  is 
possible  to  determine  the  maximum  mass  flow  ratio  for  a given  seccndary 
pressure  ratio  and  the  area  ratio  at  which  it  occurs  for  constant  primary 
jet  conditions.  We  ma^  note,  that  as  the  primary  pressure  ratio  is 
increased  the  maximum  mass  flow  ratio  increases  and  is  produced  at  a 
higher  area  ratio  for  a constant  seccndary  pressure  ratio. 

The  existance  of  an  optimum  pressure  ratio  for  a given  geometry  and 
weight  flow  ratio  can  probably  be  attributed  to  the  following  counter 
balancing  effects* 
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a.  With  increasing  primary  pressure  ratio  the  momentum  per  unit  mass 
of  primary  flew  is  increasing.  The  effects  of  this  increase  in 
pressure  is  to  decrease  the  secondary  pressure  ratio  for  a given 
mass  flow  ratio  since  more  primary  momentum  per  unit  mass  is 
available  fer  pumping, 

b.  As  the  secendary  pressure  ratio  decreases  at  constant  mass  flow  ratio 
the  secondary  flow  Mach  nunber  increases  at  the  mixing  tube  entrance. 
At  supercritical  primary  pressure  ratios  and  above,  the  expansion 

of  the  primary  jet  leaving  the  sonic  nozzle  causes  a further  increase 
in  the  secondary  flow  Mach  number  and  possibly  even  choking, 

2,  Ejector  Thrust  Performance 

Ejector  thrust  was  also  determined  over  the  pumping  performance  range 
by  means  of  a simple  strain  gage  balance  system.  The  test  results  are 
shown  in  the  lower  graph  of  Figures  8 through  22,  The  ejector  thrust  in 
pounds  has  been  plotted  against  secondary  pressure  ratio  at  lines  of  constant 
primary  pressure  ratio,  P^/P^,  Superimposed  are  lines  of  constant  thrust 
ratio,  F /F.,  which  represent  the  ratio  of  measured  ejector  thrust  to 
measxired  primary  jet  thrust. 

It  is  evident  from  the  test  results  that  as  the  secondary  pressure 
ratio  is  decreased,  a linear  decrease  in  thrust  occurs.  Since  for  a given 
ejector  geometry  the  lines  are  approximately  parallel,  it  appears  that  the 
absolute  loss  in  thrust  for  a given  secondary  pressure  ratio  is  independent 
of  the  primary  pressure  ratio.  It  may  be  noted  that  the  slope  of  the  thrust 
curve  decreases  as  the  area  ratio  is  decreased, 

B,  Ejector  With  Diffuser 

Ejector  punping  performance  with  a diffuser  at  the  exit  of  the  mixing 
tube  has  been  determined.  The  diffuser  was  of  the  simple  conical  type  with 
an  included  angle  of  7 degrees.  In  most  cases  the  diffuser  exit  to  entrance 
area  ratio  was  held  constant  at  Ap/A.  ■ 6,25, 
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In  an  effort  to  determine  only  the  effect  of  the  addition  of  a diffuser, 
the  mixing  tube  length  was  held  constant  at  L - 7*5  (the  same  as  for 
tests  without  a diffuser).  The  primary  nozzle  location  remained  at  (j?)  ■ 0, 
The  use  of  a diffuser,  of  course,  eliminates  the  thrust  of  the  system, 

1.  E.jector  Pumping  Performance 

The  pumping  performance  of  an  ejector  with  diffuser  has  been 
determined  with  “ 1.72,  U.30,  8,60  and  12,00,  Area  ratios  of 

A^/A^  ■ 8.60  and  12,00  were  obtained  by  the  use  of  a primary  nozzle 
with  one-half  of  the  area  previously  used,  that  is,  » 2,73”  instead  of 
■ 3«86",  The  results  of  these  tests  are  shown  in  Figures  30  through  3>h* 
For  a constant  primary  temperature  ratio  of  * 3*32,  the  primary 

pressure  ratio  was  varied  from  “ 1»25  to  6,50. 

The  test  data  presented  indicate  the  same  general  performance 
characteristics  ais  noted  and  discussed  in  Section  A-1,  The  existance  of 
an  optimum  primary  pressure  ratio  yielding  maximum  weight  flow  ratio  at 
a given  secondary  pressure  ratio  is  again  evident.  However,  for  A^/A^  * 

12,00  the  optimum  pressure  ratio  has  not  been  reached  over  the  range 
investigated, 

2,  Comparison  of  Ejector  Performance  TIith  and  Without 

A comparison  of  ejector  performance  with  and  without  diffuser  is 
shown  in  Figures  23  through  25,  where  the  secondary  pressure  ratio  is 
plotted  versus  the  primary  pressure  ratio  for  lines  of  constant  mass  flow 
ratio.  The  dashed  lines  indicate  operation  with  diffuser  and  the  solid 
lines  an  identical  configuration  without  diffuser.  It  is  apparent  that 
with  diffuser  the  optimum  primary  pressure  ratio  for  a given  mass  flow  ratio 
occurs  at  a lower  value  for  all  experin»ntal  data  plotted.  At  primary 
pressure  ratios  near  aid  below  the  optimum  a substantial  reduction  in 
secondaiy  pressure  ratio  may  be  obtained  by  use  of  a diffuser.  At  primary 
pressure  ratios  in  excess  of  the  optimum  the  performance  of  the  two 
ejectors  converge  and  become  essentially  equal  in  the  case  of  area  ratio 
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1.72  and  2.ii8,  Figures  23  and  2U.  In  the  case  of  area  ratio  U.30,  Figure  25, 
the  performance  curve  of  the  ejector  with  diffuser  will  apparently  intercede 
the  non-diffuser  configuration  at  primary  pressure  ratios  in  excess  of  the 
optimum.  It  should  be  noted,  however,  that  test  data  for  the  diffuser  case 
was  obtained  only  at  these  curves  are  not 

well  defined. 

In  conclusion  it  may  be  stated  that  if  thrust  is  unimportant,  the  ejector 
with  diffuser  shows  superior  perfomance  at  primary  operating  pressures  below 
or  near  the  optimum. 

Ejector  with  diffuser  performance  data  has  been  cross  plotted  in 
Figures  35  through  38,  relating  ejector  mass  flow  ratio,  area  ratio  and 
secondaiy  pressure  ratio  at  = 1.5,  2.0  and  3.0  at  “ 3.32. 

Test  data  was  available  only  at  * 1.72,  2.14,8,  14.30,  6.00  and  12.00  so 

that  the  curves  are  not  well  defined,  but  may  be  sufficient  for  ordinary 
engineering  purposes.  The  curves  are  similar  to  those  obtained  without 
diffuser. 

C.  The  Effect  of  Primary  Air  Temperature  on  Ejector  Performance 

In  oixier  to  evaluate  the  effect  of  primary  air  temperature  on  ejector 
performance  over  a range  of  geometric  and  state  conditions  tests  were  con- 
ducted at  several  ejector  area  ratios,  A^/A^,  and  primary  pressure  ratios, 
P^/P^.  Experiments  were  made  on  configurations  With  and  without  diffuser 
over  a temperature  range  of  '^2/'^2  approximately  3.37.  A tab- 

ulation of  test  runs  including  area  ratios,  primary  pressure  ratios  and 
primary  to  secondary  temperature  ratios  is  given  as  Table  I.  A few 
representative  results  are  plotted  as  Figures  39  through  I46  for  configurations 
without  diffuser  and  Figures  I47  through  50  for  configurations  with  diffuser. 

1.  Ejector  Pumping  Performance 

With  reference  to  the  above  Figures  it  is  readily  seen  that  the  effect 
of  increase  in  primary  temperature  is  to  increase  the  mass  flow  ratio 
at  any  secondary  pressure  ratio,  ^2'^^a 
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Wg/Wi  ■ 0,  In  other  words,  the  effect  of  heat  addition  to  the  primar7 
stream  is  to  increase  the  slope  of  the  weight  flow  ratio  - secondary- 
pressure  ratio  curves.  The  intercept  at  ■ 0 remains  unchanged, 

A tabulation  of  these  slopes  is  included  in  Table  I for  all  configura- 
tions investigated.  In  cases  where  the  slope  was  not  a constant  as  in 
Figure  Ul,  con^iarisons  were  made  at  high  flow  ratios  where  the  slope  for 
a given  -temperature  ratio  is  nearly  Constant,  The  slopes  of  performance 
lines  at  elevated  primary  temperatures  are  also  expressed  as  irailtiples  of 
the  performance  slope  with  unheated  primary,  T^/Tg  =•  1,0, 

It  is  apparent  from  the  results  summarized  in  Table  I,  that  the 
experimental  program  has  served  to  spot  the  effect  of  heat  addition  to  the 

primary  flew  under  a variety  of  geometric  and  state  conditions.  Sufficient 
data  is  not  available  to  indicate  any  exact  or  well  defined  trends.  It 
appears  from  the  results  of  Table  I,  that  the  secondary  mass  flow  (not  the 
mass  flow  ratio  as  indicated  by  the  preliminary  tests  of  reference  2)  is 
proportional  to  the  primary  momentum.  Thus,  at  constant  primary  total 
pressure  ratios,  P-,/P  , the  mcmentura  remains  unchanged  with  increasing 
temperature  ratio  (i^pendix  A)  however,  the  primary  mass  flow  is  decreasing 
as  . If  the  secondary  mass  flow  is  proportional  to  the  primary 

momentum,  the  mass  flow  ratio  would  then  increase  as  (T^^/Tg)^  . With 
reference  to  Table  I,  the  square  root  variation  is  in  reasonable  agreement 
with  the  results  tabulated.  However,  in  almost  all  cases  the  square  root 
variation  over  estimates  the  effect  of  a temperature  ratio  variation, 

2,  E.jector  Thrust  Performance 

The  effect  of  a variation  in  primary  temperature  on  ejector  thrust  (with- 
out diffuser)  appears  to  be  somewhat  variable.  Figures  UO  through  U6,  In  the 
case  of  “ 1»72  at  Figure  Ul,  the  effect  of  a temperature 

ratio  variaticxi  is  small.  However,  for  the  data  presented,  the  effect  of  an 
increase  in  temperature  ratio  is  to  cause  a decrease  in  ejector  thrust. 

This  phenomenon  (encountered  previously,  reference  2)  can  probably  be 
attributed  to  increased  mixing  tube  losses  at  the  higher  mixing  tube 
velocities  with  increasing  temperature  ratio.  It  may  be  noted  that  the 
thrust  loss  is  relatively  constant  over  the  whole  range  of  ejector  operation. 
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SUMMARY  OF  EXPERIMENTAL  RESULTS  FOR  THE  EVALUATION  OF  THE  EFFECTS  OF  PRIMARY  - SECONDARYi  TEMPERATURE  RATIO 


r 


WADC  TR  52-128,  Part  II 


12 


TABLE  II 


EFFECT  OF  P2IMAEY  TEMPEEATUflE  ® EJECTOR  THRUST  - p„/P.  - 0.80 

Si 


P-i/P 

1'  a 

(F  ) 

® T ■ T 

1 a 

(F  ) 

^ T^  - 3.3 

af 

e 

Ar  /(F  ) 
e . T . T 

1 a 

lb 

lb 

lb 

1,72 

1,50 

127 

127 

0 

0 

1.72 

3.00 

1^90 

U70 

20 

o.oUi 

2.10 

2.00 

232 

228 

k 

0,017 

2.U8 

1,50 

150 

132 

18 

0.120 

2.U8 

3.00 

UUo 

U20 

20 

0.0U5 

U.30 

2.50 

260 

280 

20 

0.077 

An  ejector  thrust  conpariscn  for  several  ejector  geometries  is  given 
in  Table  II  ataconstant  secondary  piunping  ratio,  ^2^^ a “ 
evident  from  the  table  that  at  the  higher  primary  pressure  ratios  for 
A^/A^  ■ 1,72,  2.U8  and  l4.»30,  the  ^solute  magnitudes  of  the  thrust  losses 
are  equal.  At  the  lower  primary  pressure  ratios  there  appears  to  be  an 
increase  in  AF^  with  increasing  area  ratio,  however,  the  loss  at  A^/A^  ■ 
2,U8,  appears  excessive.  From  Figure  Ul;  it  can  be 

noted  that  thrust  data  for  T^/T  ■ 3.32  is  considerably  displaced  from  the 
other  three,  and  therefore  subject  to  question. 

D,  Ejector  Performance  with  Supersonic  Primary  Nozzle 

For  a limited  number  of  tests  the  effect  of  the  use  of  a supers cnic 
primary  nozzle  cn  ejector  performance  was  determined.  For  these  tests,  the 
3»86-inch  exit  diameter  scnic  nozzle  described  in  Section  II  was  replaced  by 
a supersonic  nozzle  of  3«9U-inch  throat  diameter.  Since  these  tests  were 
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of  an  eaqploratory  nature,  the  nozzle  was  of  siitple  construction  and  not 
desired  to  give  uniform  parallel  flow  at  the  nozzle  exit.  Use  of  a 
parallel  flow  nozzle  appeared  unnecessary  since  the  nozzle  would  operate 
correctly  only  at  design  static  pressure  at  the  entrance  to  the  ejector 
mixing  tube.  At  values  below  desigi  static  pressure  the  flow  would 
expand  to  a higher  supersonic  value,  aid  at  values  above  design  pressure 
the  flow  would  probably  separate  from  the  nozzle  walls  through  oblique 
shock  patterns. 


Tests  were  initiated  with  a M = 2,5  supersonic  primary  nozzle. 
However,  it  was  determined  from  the  results  that  design  Mach  number  at  the 
nozzle  exit  could  not  be  obtained  when  Installed  in  the  ejector  because  of 
insufficient  con^iressicn  ratio. 


Further  erqieriraents  were  conducted  with  the  same  nozzle  with  reduced 
exit  area  to  give  a Mach  number  of  approximately  M « 2,0,  These  tests  were 
conducted  at  three  primary  pressure  ratios,  = 2,0,  3,0  and  U,0  at 

T^/T^  ■ 3*32  using  the  8-inch  mixing  tube  with  h»30.  Tests  were  run 

at  three  axial  nozzle  positions,  /^  = 0,  -0,072  D^,  and  -0,25  U_,  The 
position  jc  ■ -0,072  was  selected  so  that  ^2^^  equal  to  the  sonic 
nozzle  case,  “ 3«30.  Experimental  data  are  presented  as  Figures  5l 

through  55. 


The  results  presented  as  Figure  5l  show  that  in  all  cases  the  pumping 
performance  of  the  ejector  with  M ■ 2,0  primary  nozzle  is  equal  to  or  less 
than  the  performance  with  sonic  nozzle.  The  effect  of  nozzle  position  is 
apparently  slight  since  all  test  points  fall  on  essentially  the  same  curve. 

At  a low  primary  pressure  ratio,  ^^/^a  ” ^,0,  the  performance  with 
supersonic  nozzle  is  consistently  lower  than  the  sonic.  The  fact  that  the 
flow  did  not  expand  to  the  nozzle  exit  as  shown  in  Figure  53  may  be  the 
reason  for  this  decrease.  At  higher  primary  pressure,  “ 3.0,  the 

performances  are  essentially  equal  below  a weight  flow  ratio  of  0,500  with 
the  sonic  nozzle  being  considerably  superior  above  this  value.  With 
reference  to  Figure  Sht  it  is  seen  that  ^2^^!  * 0,U8l,  the  flow  does  not 
expand  to  the  nozzle  exit.  This  again  may  account  for  the  difference. 
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At  ^2/^a  * same  trends  as  at  apparent  but  with 

smaller  differences  existing  beyond  ^2^1  “ O.^OO.  The  nozzle  Mach  number 
distribution  shews  full  expansion  to  the  nozzle  exit  for  all  test  condi- 
tions, Figure  55» 

An  experimental  thrust  comparison  between  the  two  nozzle  configura- 
tions is  presented  as  Figure  52.  From  the  results  it  is  obvious  that  at 
higher  primary  pressure  ratios,  “ 3»0  and  U.O  large  thrust  increases 

over  the  sonic  nozzle  may  be  realized.  From  an  analytical  standpoint 
these  results  are  difficult  to  verify.  If  the  assunptions  given  in 
Appendix  A are  fulfilled  the  ejector  thrust  may  be  calculated  from 
Equation  6,07.  Thus,  at  equal  mass  flow  ratios  for  a given  set  of  primary 
cemditions  one  would  expect  equal  thrusts.  As  a check  on  the  thrust, 
measurements  of  the  total  and  static  pressure  distributions  at  the  mixing 
tube  exit  were  made  by  means  of  movable  probe,  (Typical  distributions 
are  presented  in  Section  III-E),  From  the  point  by  point  total  and  static 
pressure  measurements,  an  average  mixing  tube  exit  dimensionless  velocity, 
M^,  was  determined.  Values  of  thrust  were  computed  using  equation  6,07 
of  Appendix  A,  In  the  case  of  sonic  nozzle  good  agreement  between 
measured  experimental  thrust  and  those  calculated  by  using  probe  data  was 
obtained.  In  the  case  of  the  supersonic  nozzle  an  increase  in  thrust  over 
the  sonic  nozzle  was  indicated  by  the  calculated  thrust,  but  the  direct 
measured  values  of  thrust  were  still  higher.  Profile  data  indicated, 
hi^er  values  of  total  pressure  and  lower  static  pressures  for  the  super- 
sonic nozzle  case.  Thus,  an  assunption  of  Appendix  A that  the  static 
pressure  at  the  end  of  the  mixing  be  equal  to  atmospheric,  (P  ),  was 
violated  and  the  mixed  flow  was  partially  supersonic. 

To  more  fully  understand  the  effect  of  the  supersonic  primary  nozzle 
on  ejector  thrust  it  appears  that  further  tests  should  be  iniated. 
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E,  Comparison  of  Experimental  Data  and  Theoretical  Analysis 

A cne-dimensicnal,  a steady  flow,  a conpressible  analysis  of  ejector 
performance  without  diffuser  has  been  made.  Wall  friction,  nozzle  shock, 
and  mixing  losses  were  neglected.  It  has  also  been  assumed  that  mixing 
was  coii5)leted  within  the  ejector  system. 


Exit  Velocity  

where 


Secondary  Velocity 


Secondary  Punqjlng  Pressure 

Pz  ^ w.  y T, 

Pa 


-g-  0(M,  *; 


A 

Az 


Ejector-Jet  Thrust  Ratio 

Pe  _ 


Pe 


P; 


1-A 





Valid  for  ^ and  y ■ 


The  derivation  of  these  equations  is  given  in  Appendix  A,  It  is  apparent 
from  these  equations  that  knowledge  of  the  primary  flow  conditions  and  the 
selection  of  the  mass  flow  ratio  (W2/W^)  enables  us  to  determine  the  exit 
and  secondary  flow  conditions. 

Theoretical  ejector  performance  was  calculated  by  means  of  these  equations 
and  it  is  compared  with  experimental  data  in  Figures  56  through  59.  With 
reference  to  the  above  Figures  the  following  general  conclusions  may  be  drawn: 
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• An  optiimim  primary  pressure  ratio  is  predicted  by  the  calculated 
performance  curves  which  are  in  reas enable  agreement  with  the 
experimental  values  at  hi^er  area  ratios, 

2,  Best  agreement  between  calculated  and  experimental  perfcrmance 

was  obtained  at  high  area  ratios  and  at  low  primary  pressure  ratios. 
The  effect  of  area  ratio  is  predominant  so  that  at  U,0, 

reasonable  agreement  was  ctotained  under  all  ejector  operating 
conditions. 

From  the  above  conclusions  it  appears  that  good  agreement  between 
actual  and  calculated  performance  is  obtained  at  low  mixing  section  velocities. 
Increasing  the  mass  flow  ratio,  decreasing  the  area  ratio,  or  increasing 
the  primary  pressure  ratio  all  have  the  effect,  of  increasing  the  mixing 
tribe  velocities  and  associated  losses.  Shock  losses  following  over-expansion 
of  the  primary  jet  leaving  the  sonic  nozzle  are  also  increased  with 
increasing  primary  pressure  ratio.  One  shortcoming  of  the  analysis  may  be 
in  the  fact  that  over-expansion  of  the  primary  jet  is  considered  part  of  the 
mixing  process.  However,  the  inclusion  of  this  effect  would  considerably 
complicate  the  analysis,  and  has  not  been  included  to  date. 

Experimental  ejector  thrust  performance  is  conpared  with  the  theoretical 
values  in  Figures  60  through  63,  The  conparisen  is  made  between  actual  and 
theoretical  values  of  ejector  thrust,  F^,  versus  the  mass  flow  ratio  for 
lines  of  constant  primary  pressure  ratio.  Experimental  values  are  shown  as 
solid  lines  and  the  theoretical  with  dashed  lines.  The  same  values  of 
A^/A^  ■ 1,72,  2.148  and  6,00  are  used  as  in  Figures  56  through  59, 

Analysis  of  the  curves  indicates  reasonable  agreement  of  the  experimental 
and  theoretical  ejector  thrust  values  at  a mass  flow  ratio  of  «»  0, 

As  the  mass  flew  ratio  is  increased  a rather  consistent  disagreement  of  the 
two  values  occurs  with  the  experimental  indicating  a higher  value.  The 
difference  appears  to  increase  as  the  mass  flow  ratio  becomes  larger,  Nq 
consistent  trend  is  apparent  as  to  the  differences  between  experimental  and 
theoretical  ejector  thrust  as  effected  by  a change  in  primary  pressure  ratio. 
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An  examinatian  of  the  total  pressure  distributicn  across  the  mixing 
tube  exit,  shown  for  “ U.30  in  Figures  6It  through  66,  shows  a decided 

displacement  from  the  theoretical  linear  profile.  Since  this  is  a direct 
indication  of  a non-linear  velocity  distribution  at  the  exit  of  the  mixing 
tube,  the  thiusl^  must  be  calculated  point  by  point.  It  may  be  shown  that 
since  the  thrust  varies  as  the  square  of  the  velocity,  a point  by  point 
summation  of  the  thrust  will  be  larger  than  that  obtained  by  using  an 
average  velocity.  Therefore,  the  velocity  profile  must  be  considered  when 
calculating  the  ejector  thrust. 

Conditions  at  the  exit  of  the  mixing  tube  were  investigated  by  means 
of  surveys  across  the  exit  with  a total  pressure  and  total  temperature  probe. 
The  results  of  these  tests  are  shown  in  Figures  6U  through  69  where  the 
chain  line  indicates  the  theoretical  one-dimensional  value.  The  displace- 
ment of  the  total  pressure  curves  from  the  theoretical  appears  to  be  an 
indication  that  mixing  was  not  completed  with  a high  total  head  existing 
near  the  flow  centerline.  However,  examination  of  the  total  temperature 
distribution  across  the  mixing  tube  exit  shews  a more  linear  profile  at  all 
flow  conditions.  Thus,  it  appears  that  if  additional  mixing  tube  lengths 
were  added  to  obtain  a linear  temperature  distribution,  the  velocity  dis- 
tribution would  still  be  non-linear,  as  in  the  case  of  fully  developed 
turbulent  pipe  flow.  A decrease  of  total  temperature  near  the  wall  is 
apparent  which  probably  represents  heat  losses  through  the  mixing  section 
wall.  The  displacement  of  the  measured  temperature  distributicn  from  the 
theoretical  is  also  an  indication  of  heat  losses.  The  amount  of  heat 
transfer  appears  to  increase  as  the  mass  flow  ratio  decreases  with  a maixi- 
mum  displacement  occuring  at  ■ 0.  The  abovp  is  as  expected  since  the 

introduction  of  secondary  mass  flow  at  the  circumference  of  the  mixing  tube 
entrance  would  effectively  act  as  a heat  barrier  between  the  heated  primary 
flow  and  the  mixing  tube  wall. 

Static  pressure  distributions  along  the  mixing  tube  were  also  obtained 
and  are  shown  in  Figures  70  through  73.  They  indicate  a gradual  increase 
in  the  static  pressure  as  the  flow  advances  through  the  mixing  tube.  Shook 
and  mixing  losses  are  not  apparent  from  the  static  pressure  variation.  It 
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should  be  noted  that  in  the  development  of  the  theoretical  equations  the 
length  of  the  mixing  tube  is  not  considered  and  there  doesn't  appear  to  be 
any  siisple  method  of  doing  so. 

An  indication  of  the  effect  of  an  increase  in  primary  temperature  upon 
ejector  performance  was  indicated  from  e^qjerimental  data  in  Secticai  C, 
Figures  39  through  show  these  results  while  the  dashed  lines  indicate 
the  theoretical  effect.  It  would  appear  that  although  the  theory  gives 
considerably  better  performance  it  still  indicates  quite  acctirately  the 
relative  effect  of  a change  in  primary  temperature  since  the  slopes  of  the 
curves  are  ^proximately  the  same.  It  must  be  pointed  out  that  this  agree- 
ment can  not  be  esqpected  to  hold  to  an  extreme  primary  temperature  because 
of  the  assun5)tion  that  y ■ 1»U  regardless  of  the  temperature. 
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APPENDIX  A 


DERIVATION  OF  THEORETICAL  EJECTOR  PERFORMANCE  EQUATIONS 

In  the  derivaticffi  of  the  following  theoretical  ejector  performance 
equations  the  following  assun^Dtions  have  been  mades 

a.  The  flew  is  steady  and  cne  dimensional, 

b.  The  perfect  mixing  of  the  two  fluids  is  obtained  within  the  mixing 
section.  Both  fluids  are  assumed  to  be  air  and  perfect  gases, 

c.  Mixing  losses,  nozzle  losses  and  wall  friction  are  neglected, 

d.  The  walls  of  the  mixing  section  are  non-heat  conducting  and  no 
phase  or  chemical  change  takes  place  within  the  section, 

e.  The  adiabatic  coefficient  y and  gas  constant  R of  the  primary 
and  secondary  fluids  are  identical  and  independent  of  pressure 
and  temperature, 

f . The  momentum  and  energy  equations  may  be  written  over  the 
boundaries  of  the  mixing  section  without  knowledge  of  the  flow 
within  the  system. 

The  nomenclature  and  symbology  used  is  defined  in  the  Nomenclature  section 
and  Figure  ii, 

1,0  Basic  Equations 

The  following  basic  equations  have  been  used: 

Continuity  Equation 


m = p\^A 


(1.01 ) 
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Weight  Flow  Equaticxi 


(1.02) 


Area  Equation 

Aj  - ^ constant  area  Biixing)  (I.03) 

Momentum  Equation 

p,A,)-h  4 J = Vj  A^ ) (l.OU) 

Energy  Equation 

~ Yj  (cp  « constant)  (1,05) 


2»0  Mixed  Flow  Velocity  flelation 

If  we  assume  that  the  mixed  flow  at  the  exit  of  the  mixing  tube  has 
expanded  isentrcpically  from  ai  imaginary  throat  we  may  write  from  the 
continuity  equation: 


(5^ 


(2,01) 


since 


where 


d(i^*) 


■ '/a 
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since  from  the  equations  of  state  and  energy 


P 

~RT 


a,  = V<rRT 


then 


R 


ivVr 

PA 


(2.02) 


where 

Por  / 4- 

R,  a)  = /R74f  R^  JY/Jf  R/sec-^ 

y = //,Z  '^^sec  ^ 


therefore 


If  we  write  the  ratio  of  mixing  secticxi  area  to  primary  nozzle  area 
we  obtain 

, IVs 

VtT 

23 
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Then  from  assumption  (e) 


and  

ao(M3*)  ^ . A. 

p,e(M,*)  IV,  M 7;  ^ Ai 

Dividing  both  sides  by  P and  noting  that 

a 


(2.0I4) 


(2.05) 


For  flew  in  an  ejector,  without  a diffuser  at  the  exit  of  the  mixing  tube, 
we  may  assume  that  P2=  for  up  to  sonic  exit  velocities. 


Then 


^ e('M/)  = ffMs*)  - *) 

o 


Valpes  of  P^/F^  are  tabulate^^^m  NAG  A TN  l^JLJJcr  various  values 

of  M_,  A curve  or  table  of  the  above  function  allows  determination  of  the 

j * 


exit  dimensionless  velocity  or  order  to  make  use  of  the  above 
equation  the  relationship  between  T^  and  T^  must  be  found.  This  is  quickly 
obtained  from  the  energy  equation  as  shown  below: 


(1.05) 
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Then 


iVi-  7z  , J 

JL  = ^ 77 

In  summary  it  may  be  seen  that  for  the  equation 


S(M,  'J  = 


A 

A, 


(2.06) 


(2.07) 


It  is  necessary  to  know  or  select  the  following  parameters  to  obtain  the 
exit  dimensionless  velocity! 


7L  A. 

Tz> 


M. 


A/f,  * or  P(/^,  *) 


The  following  facts  should  be  noted  concerning  the  above  equaticn: 

1,  The  primary  nozzle  exit  velocity  maybe  either  subsonic,  sonic, 
or  supersonic, 

2,  The  selected  secondary  quantities  are  Wg  and  T^. 


3*0  Secondary  Velocity  Relation 

The  determination  of  the  secondary  flew  entrance  velocity  is 
obtained  by  use  of  the  momentum  equation.  We  may  define  the  momentum  at 
any  point  by 


(3.01) 
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From  the  continuity  equation  (1,01 ) 


ni  = lol/A 

(r?i  K + p^)  ^ ^ ( A 


and  from  the  equations  of  state  and  energy 


where 


R 


-p 


^ W c^T 


(U/) 

z(r-/) 


Z 


then 


A 

P 


l±L 


substituting 


(rt}]/  pA ) 


/r? 


lll 


r-^/ 

zr 


zz 

r-h  I 


/ 

M* 


r-i 


fry?!/-/- pA ) - 
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The  conservation  of  momentum  equation  states 


p,  A,)-/-  -^Pz^z)  ^ (^2^3  Ps^s) 


then  from  (3*02) 


From  our  basic  assun^tion  (e)  of  “ Y2  “ dividing  both  sides 

by  m^^  a-;j^  we  obtain 


njz 


r'' 


H 


v- 


since  m * w/g  and  a^  * V 2/(y41)  where 


a,  ^l/i-RT 


^ 


we  arrive  at 


(i.oU) 

; 


*) 


(3.03) 
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The  fcjllowing  facts  should  be  noted  concerning  the  above  equations 


1,  The  ratio  of  T^/T^  is  determined  from  the  energy  equation  as  shown 
in -the  previous  section,  equation  (2,06), 

2,  The  minimum  value  of  (M  + l/M* ) is  equal  to  2,0  and  is  obtained 
at  - 1.0, 

3»  To  determine  + 1/^^)  we  must  knew  or  select  W2/W^,  Tg/T^, 
and 

U.  To  determine  Mp  we  must  either  solve  the  quadratic  equation  or  plot 
a curve  of  Mp  versus  (M^  + l/Mp),  Both  solutions  are  valid  one 
being  subsonic  and  the  other  supersonic  velocities. 


U.O  Secondary  Pumping  Pressure  Relation 

The  only  remaining  unknown  quantity  in  enr  analysis  is  the  value  of 
the  secondary  pumping  pressure  Pp,  From  section  (2,0)  we  obtained  the 
relation 

A - r (2.02) 


From  this  we  may  write 

Al 


Pze{Mz*) 

c.w,Tt 

p,  a (M,  *) 


since  ■ Cp  by  assumption  (e)  and  dividing  the  pressure  by  P^  we  obtain 


^ = 


(U.oi) 
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where 


e(M,n-  ^(H*) 


5*0  E.iector  Piunping  Pressure  When 

It  was  found  in  Section  3 that  the  momentuin  at  a particular  point 
could  be  expressed  as  follows s 


Writing  the  racjmentum  ejector  relatimship  as 


£±L 


a^m, 


z.r 


for 


ill  = 0 - 0 


then 


If,*)  (5.01) 


but  Yt  • Y o “ Yq  hy  oar  original  assumption  (e)  so 
1 c 3 
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dividing  both  sides  by 

A 

TTT 

0 “t  ! _ 


‘’a,  >^, 


a*,  m. 


From  the  isentrbpic  functions  we  have  previously  fotind  that 


3 ^3  ^ 


For  Wg/W^  “ 0 we  found  from  the  energy  equation  that 


Therefore 


ir+/ 


)-(h 


* -4-  ^ 

-r  ——r 


(5.02) 


Assuming  that  A2  is  the  entrance  ring  area  that  the  secondary  flow  must 
flow  through  to  enter  the  mixing  tube,  we  find  that  since  Wg  ■ 0,  P2  ■ F2* 

Taking  the  term  a^^^  m^  we  may  write  from  the  continuity  relation  and 
isentropic  relationships: 


(5.03) 


2 . 


The  term  Pq  using  the  energy  equation  and  equation  of  state  may  be 
written 


r-h! 


= rRT 


P=  D RT 
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Po 


z 


P-UL. 


rPT 


z 

ri-i 


Then 


ZZ 


PA 


(5.01+) 


The  term  in  the  bracket  is  actually 


Multipling  and  dividing  by 


M*—  - 6 Pm*) 

^ P.  o,p‘  ^ 


where 


0(M*)  = 


A * _ V/> 
A ' f 


We  also  know  that 


= /_£_  )7^ 
p,  ( /^  / / 


Then  summing  up  we  may  obtain 


(~rrr)^~'  ts.os) 
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Inserting  this  in  the  original  equation  (5 #02) 


P,A 


/y-/ 


M, 


Since  “ Y2  “ Y3 


and  dividing  by  P 


% " ( /+!  r'  % A, 


(5.06) 


The  following  facts  should  be  noted  concerning  the  above  equation: 

1.  The  value  of  ^2^9.  ^2^1.  “ 0 is  independent  of  the  primary 

temperature  T^, 

2.  The  value  ^2^^.  “ ^ when  M*  ■ 

3.  To  determine  ^2p&.  ®^st  know  or  select  P^/P^,  and 

6,0  E.jector  - Jet  Thrust  Relation 

It  is  assumed  that  the  thrust  of  the  primary  jet  and  the  ejected 
mixed  flow  may  be  given  by: 

Primary 

^ rr}^\/,  -h  A,  fp,- P^)  or 
Pj  = /77^  /<'  y-  (~^  ~ 1)  (6.01) 

where 

Fj  m,  y, 
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Mixed  Flow 


Fe  ^ As  (pj  - Fa) 


but  since  for  up  to  sonic  velocities 


F Q y^ 


Therefore  the  ejector- jet  thrust  ratio  is 

Fe  ^3  yj 


or 


6 


Fj  ' 


-t-  PaA,(-^  -/)' 

rr)  3 Vs 


m^y; 


/-f- 


FcxA,  (%  /J 


For 


m,  // 


P,  /.S'?  Pa  p,  = Fa  and  fj  = pj' 


then 


F^  — Fe  _ ATlf 

F;  “ Fj'  ' 


From  the  basic  equation  and  several  isentrcpic  relations  we  knew! 


= 


3 


^ =/H  V: 


y,  ^ Fi,  * 


(6.02) 


(6.03) 


(6.0U) 
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a*  . A 


a. 


= irpT 


Then  from  equation  (6.0U)  we  write 


Pj 


i-  = //^  ill  ) 


Mj 


/? 


T,  M/ 

and  ^ ^ 

where  '^y'^1  ^3  determined  from  equations  2,06  and  2,07, 

be  found  from  Pj/^l  “ 


M* 


The  term  in  our  original  thrust  ratio  equation  6,03 

A 


PaA,(-^  -/  ) 
'a  ' 


/< 


^ O t^he/1 


P<3 


> /. 


where  »»i  - m^  a^^ 


In  Section  5 we  had  found  that 


£r 


= 7w 


0(Mr) 


Therefore 


tP  ( 7w  j ''' 


or 


m,  id, 


Pa  (-^  /) 


(6,05) 

may 


(5.0li) 
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top  and  bottom  of  right  side  by 


Pa  A, 


_Ls 

/ > 


(6.06) 


/ i/r 

( u/ 


Ms 

M,* 

■31 

Ir} 


(6.07) 


It  should  be  noted  that  for  conditions  up  to  scnic  in  the  primary  nozzle 
Pi  ■ '’a- 

For  a convergent  primary  nozzle  and  1*89  with  ■ 1»U  then 

M,*-  /.O  W e(M,  *)'-LO 

■tAs  1 

Fe  ^ V, 

r“  o o ) 


(0.SZ8--^J 


0.  739G 

The  following  facts  should  be  noted  concerning  the  above  equations! 

1.  The  equation  is  valid  only  for  a convergent  nozzle, 

2,  The  selected  quantities  are  Wg/W^,  A^/A^,  T^/Tg, 

3*  The  velocity  at  the  exit  of  the  mixing  tube  is  determined 
from  equation  2,07. 


(6.08) 
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APPENDIX  B 


SOLUTION  OF  A SIMPLE  EJECTOR  DESIGN  PROBLEM 


The  primary  purpcee  of  this  phase  of  ejector  stucfy  has  been  to  provide 
e^qjerimental  ejector  data  for  engineering  design  purposes.  The  program  has 
been  tailored  to  cover  the  operational  range  of  a modem  turbo-jet  engine 
since  it  may  serve  as  a source  of  inductive  power  for  aircraft  boundary 
layer  centred,  applications.  The  use  of  data  for  the  solution  of  a siit^jle 
ejector  design  problem  is  given  below. 

Given:  Boundary  layer  removal  by  suction  is  to  be  used  on  a turbo-jet 
aircraft  during  landing.  The  following  qperational  data  is  available. 


A,  Engine  Test  Data  (obtained  from  reference  23) 

Flight  Condition  Landing 

Percent  military  power  30 

Thrust,  Fj,  (lb)  2170 

Turbine  discharge  total  pressure,  (^j^/^A^t  1*30 

Turbine  discharge  total  tenperature,  (^^/'^A^t  2,10 

Ccaipressor  discharge  total  pressure  (P]^/^^)^  3,80 

Compressor  discharge  total  tenperature  1,60 

Engine  mass  flow,  (ib/sec)  70 

B.  Boundary  Layer  Removal  Requirements  (assumed) 

Required  mass  flow  to  be  removed  by  suction, 

Wg,  (ib/sec)  7.0 

Required  suction  pressure  ratio,  ^2^a.  0,80 

G,  Atmospheric  Conditions  (assumed) 

- II4..7  psia 

- 520°R 
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To  Deterinlnei  Ejector  configuraticns  to  satisfy  boundary  layer  removal 
requirements, 

A,  Installation  Using  Engine  Exhaust  Jet  with  a Tail  Pipe  Ejector 

From  the  above  conditions  the  ejector  operation  may  be  defined  as 
follows: 


V^a 

1.30 


Ti/Ta  Wg/W^  (Wg/W^) 

2.10  0,100  0.126 


P2/Pa 

0.80 


Since  the  ejector  data  available  in  this  report  is  at  ■ 3»32 

the  required  mass  flow  ratio  was  corrected  to  this  condition  as  follows: 

• ^^2/^1^  (3.32/T^/T^)1/2 


As  mentioned  in  section  III-C,  this  will  be  a conservative  correction  in 
this  case  since  the  corrected  required  weight  flow  ratio  will  probably  be 
slightly  high.  In  order  to  determine  the  desired  ejector  geometry  weight 
flow  ratio  and  thrust  ratio  should  be  plotted  versus  area  ratio  as  shown 
below.  The  data  was  obtained  from  the  original  data  plots  of  Figures  8 
through  23,  In  all  cases  interpolation  was  necessary  because  the  data  was 
not  available  at  the  desired  primary  con^jression  ratio,  “ 1.30» 

From  the  graph  the  following  design  conditions  are  apparent: 


- 2.72,  Fg/Fj  - 0.737 


J 


0.737 


B,  Installation  Using  Engine  Compressor  Air  Bleed  and  Auxiliary  E.iectcr 
With  Diffuser 

The  ejector  design  operating  conditions 'may  be  determined  frcan  the 
given  engine  characteristics  and  boundary  layer  removal  requirements, 

‘ V^a  V^a  "*^1  (iVsec) 

3.80  1.60  7.0  0.80 

Frcra  the  data  plotted  below  at  ■ 3.80,  {k^/k^)  opt,  ■ 9.75 

with  Wg/Wj^  “ 2,li5.  In  order  to  correct  the  mass  flow  ratio  to  TjAa  * 
the  following  may  be  used: 

- (Wg/W^)  [^(Tj^/T^)/3.32  J - 2.1i5  X .691;  - 1.70 

The  compressor  air  bleed  weight  flow  is  then  7.0/1. 7 » U.ll  Ib/sec.  By 
use  of  the  method  outlined  in  reference  23,  the  Jet  thrust  ratio  was  cal- 
culated at  0,835. 


WADC  TR  52-128,  Part  II 


40 


To  determine  the  size  of  the  primary  jet  required  it  must  be 
remanbered  that  it  exhausts  at  the  mixing  tube  entrance  where  P2  — 0»8 
and  p^  = P2  (unless  the  primary  nozzle  is  choked). 


Thus: 

< o GI4 

P,  - JJPa  ~ 

/.OO^  M/  ^ 0.  883 

/,  00  ^ ? 0.  m 


If  it  is  assumed  that  P2  “ ^2  “Pi  “0*8  Pg,* 
equation  2,02  of  Appendix  A 


. I.S7W,(T,) 
A* 

^1  n 


1.87  X 4.11  (7Z0 X n oy  ■ ^ 

^ = //.  8b  /n 

0.  883  X ! 4-.  7 X /.  3 


D,  = (//.83,  8 ^^-88  // 


Using  equation  2,02  of  Appendix  A for  the  secondary  flow  at  the  mixing 
tube  entrance  (constant  area  mixing) 





1.87  X 7.0'(£'Z0) 
0.8 X /4.7 


= £P.3  m 


Az*  ^ At.*  ^ Z5.3  ^ Z5.S 

- I j A,  ' ("^PP-OA,  8.7PX //.86 

^0.144 
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thus 


f z 

So  the  assutrption  of  pg  = P2  has  been  justified.  In  certain  applications, 
however,  the  assmnption  that  pg  = P2  may  not  be  valid  so  that  a second 
approximation  for  the  value  of  p^  based  on  the  calculated  Mg  may  be 
necessary. 
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FIGURE- 
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AND  MIXING  TUBE  BEAM 


FIGURE  4 


HOT  GAS  EJECTOR  NOMENCLATURE 


SYMBOLS 

A - CROSS-SECTIONAL  AREA  OF  CONFIGURATION 
D - DIAMETER  OF  CONFIGURATION 
F - THRUST 

I  - PRIMARY  JET  LOCATION 

L-  LENGTH  OF  MIXING  TUBE  OR  PRIMARY  NOZZLE 
P - STAGNATION  PRESSURE 
p - STATIC  PRESSURE 
T - STAGNATION  TEMPERATURE 
t - STATIC  TEMPERATURE 
V - VELOCITY  OF  FLOW 
W-  WEIGHT  FLOW 
a-  GEOMETRIC  ANGLE 

SUBSCRIPTS 

1 - PRIMARY  FLOW 

2 - SECONDARY  FLOW 

3 - MIXED  FLOW 

A - AMBIENT  CONDITIONS 
0 - DIFFUSER  EXIT  CONDITIONS 

X - DISTANCE  ALONG  LENGTH  OR  ACROSS  DIAMETER 
6 - EJECTOR  APPARATUS 
J - PRIMARY  APPARATUS 
» - PRIMARY  THROAT  CONDITIONS 

♦AND  I ARE  EQUAL  FOR  CONVERGENT  NOZZLE 
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PRIMARY  MASS  FLOW  AND  THRUST 


O EXPERIMENTAL  VALUES 

THEORETICAL  CURVE 

f5^«29.92"  Hg.  T,>=I200”F 
A,=  11.7  SQ.  IN. 


PRIMARY  THRUST 

FIGURE-  6 
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GROSS  THRUST-  E- LBS  MASS  FLOW  RATIO- W,/  W 


FIGURE-  7-8 
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FIGURE-  9-10 


EJECTOR  PERFORMANCE 

(WITHOUT  DIFFUSER) 

A3/A,-  I.4I 


SYMBOLS-  P,/Pa 

' 1.25 
0 - 1.50 
0 = 1.75 
a = 2.00 

Q « 2.50 

V - 2.75 
.d  3.00 
e.  « 3.25 

T, /Ta  " 3.32 
D3  - 4.5" 

L ® 7.  5O3 
JL  • O 


I 
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GROSS  THRUST- LBS  MASS  FLOW  RATIO-Wg/W 


FIGURE-  11  - 12 


EJECTOR  PERFORMANCE 

(WITHOUT  DIFFUSER) 

A3/A,«I.72 


SYMBOLS- P,  / 

Ci  « 1.25 

Q • 2.50 

O = 1.50 

V « 2.75 

<?  - 1.75 

J - 3.00 

D « 2.00 

■ 3.25 

O - 2 25 

T,/T*  - 3.32 
Da  ■ 5.0" 

L ■ 7.  5 Dj 
A ° 0 
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FIGURE-  13-  14 


EJECTOR  PERFORMANCE 

(WITHOUT  DIFFUSER) 

A3/A,«2.I0 


SYMBOLS 

-P|/Pa 

T,/Ta  = 3.32 

0=  1.50 

Q - 2.50 

Dj  ' 5.5’ 

^ « 1 .75 

V « 2.75 

D = 2.00 

^ « 3.00 

L * 7. 5 D3 

O « 2.25 

A = 3.50 

0 

n 
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0 0.2  0.4  0.6  0.8  1.0 


SECONDARY  PRESSURE  RATIO  - Pg/ 
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GROSS  THRUST- Fe-LBS  MASS  FLOW  RATIO-Wg/W, 


FIGURE-17-  18 


EJECTOR  PERFORMANCE 

(WITHOUT  DIFFUSER) 

A3/A,  = 3.39 


SYMBOLS 

- P|/Pa 

T,  /Ta  » 3.32 

0 = 1.50 

Ci  . 2.00 
- 3.00 

A = 3.50 

0 = 4.00 
□ = 4.50 

D3=  7.1" 

L =7.503 
A r 0 

0 0.2  0.4  0.6  0.8  l.a 


SECONDARY  PRESSURE  RATIO-P2/PA 
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GROSS  THRUST-F,-LBS  MASS  FLOW  RATIO-W2/W 


FIGURE-  19  - 20 


EJECTOR  PERFORMANCE 


(WITHOUT  DIFFUSER) 

Aj/A,"  4.30 


SYMBOLS- P| /Pa 

T,/Ta  - 3. 1 6 

Dj  * 8,0” 

L -7.503 

- 0 

0 = 1.50 

D • 2.00 

Q • 2.50 

/)  - 3.00 

0 ' 4.00 

0 • 5.00,  T,/T*  «2.68 
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FIGURE-21  - 22 


EJECTOR  PERFORMANCE 

(WITHOUT  DIFFUSER) 

Aj/Ai'S-OO 


SYMBOLS-P,/Pa 

T,/Ta  * 3.32 

O ■ 1.50 

Ci  = 2.00 

A = 3.00 
0 «=  4.00 

D3  «9.45" 

L «7.5D3 

O « 5.00 

T,/T^  = 2.90 

^ * 0 

O 0.2  0.4  0.6  0.8  I. 
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O.i  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1.0 

SECONDARY  PRESSURE  RATIO  Pz/Pt, 

A3/A,=  8.60 
FIGURE- 33 

EJECTOR  PERFORMANCE 

(WITH  DIFFUSER) 


SYMBOLS 

p,/p* 

P./Pa  = 

6.50 

0 

P|/Pa  = 

6.00 

P 

P./Pa' 

5.50 

0 

Pi/Pa« 

5.00 

□ 

P|/Pa  = 

4.50 

0 

Pi/ Pa' 

4.00 

A 

Pi /Pa' 

3.50 

A 

Pi/Pa  = 

3.00 

Q 

P|/Pa' 

2.50 

D 

P|/Pa' 

2.00 

0 

P|/Pa' 

1 .5  0 

Tj/Ta-  3.32 
D,  • 2.73*' 
L « 7.5D3 
SL  -O 


Aq/i 

D3* 

^3.6.25  _ 
9.45"  - 

/■iff 


O.I  0.2  0.3  0.4  0.S  0.6  0.7  0.8  0.9  I.O 

SECONDARY  PRESSURE  RATIO  Pj/Pa 

Aj/A, = 12.00 

FIGURE-34 
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GROSS  THRUST- F«- LBS. 


SECONDARY  PRESSURE  RATIO 

figure-51 


EJECTOR  PERFORMANCE  WITH 
SUPERSONIC  PRIMARY  NOZZLE 

(WITHOUT  DIFFUSER) 


SYMBOLS 

T,  /T^  = 3.3  2 

Ci  s 0 •] 

a A - - .072503 

•P,/l^=2.0 

A3 

— ^ = 4.30 

a A = -.2503 

A| 

A = 0 

of  =3.938" 

^ A • - .O725O3 
.dfl  A - - .25D3  F 

P,/P^"3.0 

0 A - 0 ] 

D3-8.O- 

0 A « - .O725O3 

1 P/P  = 4.0 

1 A 

❖ A « - .25D3  J 

L »7.503 

SUPERSONIC  NOZZLE  EXIT  MACH  NO. -2.00 
-SONIC  NOZZLE  CURVES 


FIGURE-  52 
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DISTANCE  ACROSS 


WADC  52-  128,  Part  II 


68 


DISTANCE  ACROSS  MIXING  TUBE  Dx/D 


EXITTOTALTEMPERATURE 
RATIO  ACROSS  MIXING  TUBE 


A3/A,»4.30 
D3«8.00'’ 
L -7.5D3 
X *0 


EXIT  TOTAL  TEMPERATURE  RATIO-T3/T, 
P,/Pa=2.75 
FrGURE-68 
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EXIT  TOTAL  TEMPERATURE  RATIO-T3/T, 
P,/P*  = 1.75 
FIGURE- 67 


EXIT  TOTALTEMPERATURE  RATIO-Tj/T, 
P,/P^  = 3.75 
FIGURE-  69 


WADC  52-  128,  Part  II 


69 


